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RBSBABOH MEMQRAaPKM 

EIPERIMEI9TAL INVESTIGAIION OF TEISJ8T ATKS4IS1TATI0N 
OF 4000-POOKD-aBEIJSr CEimJIFlKaa-FLCW-TYEE 
TOESOJEE ENGINE B7 INJECTION OF NATER 
AND ALCOHOI. AT COMERESSCB INLETS 
By William L. Jones, and HeJmath V. Bigelman 


SCMMAEI 

An experimental Investigation vas oonduoted at zero f ll^t 
speed and sea-level conditions on a 4000-pound-thrust centrlfiigal- 
flov-type turbojet engine to detexmlne the amount of th 2 nist augaen- 
tatlon obtainable at maximum rotor speed (11,500 srpa) by the Injec- 
tion of vater, alcohol, and water-alcohol mlxbures at the compressor 
Inlets. Injected mixtures comprised up to 4.5 pounds of water and 
2.5 pounds of alcohol per second. A fixed -area exhaust nozzle, 

19 Inches In diameter, was vised for this Investigation. The inlet- 
air -temperature range was from 505® to 530® E. 

A maximum thrust augnentatlon of 26 percent was obtained by 
the Injection of 4.5 pounds per second of water and 2.0 pounds per 
second of alcohol. With this Injected mixture (representing 31 per- 
cent alcohol by wel^t), the fuel flow was the same as f^ no Injec- 
tion; no change in throttle setting was therefore required for con- 
stant rotor speed. The tail-pipe gas temperature for this Injected 
flow rate was also the same as for no Injection. 


INTROIIDUTION 


Augnentatlon of the noxmal thrust of turbojet magines is of 
importance In improving the take-off,, climb, and hl^-speed flight 
characteristics of Jet-propelled aircraft. A general research 
program Is being conducted at the NAGA Clevelaad laboratory in 
order to Investigate various methods of thrust augnentation. 


One simple method of thrust augmentation Is the injection of 
refrigerants at the compressor inlets. The Increase In thrust 


UNCLASSIFIED 


2 


HACA BM No, E7J19 


produced liy 'tibe injection of llq.ulds Is the result of the increased 
mass flow of air and liquids and the Increased Jet velocity provided 
hy the hl^er compTOsscn*-outlet pressure. An experimental lnyes> 
tlgatlon in which suhstantlal thrust increases were achleyed with a 
1600-pound normal -thrust engine hy the Injectlcm. of water and 
alcohol as the refrigerant llq.ulds is desorlhed in reference 1. 

A similar inrestigatlon conducted at the NA.CA Cleveland labora- 
tory during Becemiber 1945 to determine the amount of thrust a\i£pen- 
tatlon possible for a 4000 -pound -thrust oentrlfugal-f low-type turbo- 
jet engine at mA-riTmim rotor speed, zero ram, and sea-level conditions 
by the injection of water, alcohol, and water-alcohol mixtures at 
the oompressor Inlets is described herein. The mlxbusre was injected 
at rates up to 4.5 pounds of water per second at 2.5 pounds of alco- 
hol per second. A fixed-area exhaust nozzle, 19 inches in diameter, 
was used for the entire investigation. The inlet -air temperature 
ranged frcmi 505° to 530® B. 


APPAEATDS 

The thrust -au^^osntat ion investigation was conducted on a double- 
entry centrifugal -flow-type turbojet engine (1-40) having strai^t- 
throu£^ ocanbtistlon chanibers and a nominal thrust rating of 4000 pounds. 
The engine used for the investigation produced a net thrust of 
3850 pounds at a rated maximum rotor speed of 11,500 rpm with a 
19 -inch-diameter exhaust nozzle and NA.CA standard inlet-air condi- 
tions (519® B and 14.7 Ib/sq. in. absolute). 7or these conditions, 
the nozmal air flow was 80.4 pomds per second, the fuel flow was 
4900 pounds per hour, and the tail-pipe gas temperatvire was 1686® B. 

The general arrangement of the engine installation is shown in 
figure 1. The air supply to the engine entered the test cell 
throu£^ two air*msasuring nozzles. Cell leakage was detezmined by 
calibration of the test cell and was of the order of 2 percent of 
the metered air flow. 

The engine was rigidly mounted on a frame that was suspended 
from the celling of the test cell by four rods swinging cm ball- 
bearing pivots. Lateral srestralnt was provided by guide rollers; 
longitudinal restraint was provided by the thrust -measuring device. 

All Instrionentatlon and control lines were flexible and a special 
seal (detail A in fig. 1) was Installed ‘trihere the tall pipe passes 
throu^ the wall of the cell in order to reduce frictional forces. 
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The engine thrust vas transmitted throu^^ a linkage to the 
diaphragm of an air-pressure cell. A pilot valTe, directly con- 
nected to the thrust linkage, controlled the air pressure in the 
dlaphragn cell to halance the thrust force. The thrust vas read 
from a manometer connected to diaphragm cell. The thrust 
device vas calibrated by means of dead velghts. 

The engine fuel (kerosene) flov and the vater and alcohol 
injection rates vere measured vl'Ui calibrated rotameters and thln- 
plate orifices, respectively. The alcohol used for the Investiga- 
tion vas 50-peroent methyl and 50-percent ethyl alcohol by vei^pit. 
The alcohol and vater vere measured separately and then coaoiblned 
in a mixing chamber and dlstsrlbuted to the Injection nozzles 
throu£pi a single manifold, vhlch Is shovn in figure 2. Jourteen 
flat -spray -type nozzles, each rated at 2.05 gallons per minute at 
a pressure of 100 pounds per square inch, vere directed into eai^ 
Inlet of the compressor. The laozzles vere equally spaced circum- 
ferentially 4 inches from the Inlet screens, but vere so placed 
that the outer diameter of the Impeller inlets vould receive almost 
all the Injected llgiild In order to prevent vater from reaching 'Uie 
bearings (fig. S). 

The temperatuzes and the pressures vere measured at the points 
indicated in figure 2 vlth the foUoving arrangements of thermo- 
couples and pressure tubes; 

(1) Inlet -air temperatmre Tq; average of three groups of four 
thermocouples in parallel in covling inlet 

(2) Inlet -air total pressure Fq; one open-end tube in quies- 
cent zone of cell 

(3) Compressor -outlet total tee^rature T 2 ; average of three 
separately read unshielded thermocouples, each located in a differ- 
ent diffuser elbov 

( 4 ) Compressor-outlet total pressure ?2j average of tvo 
separately read toteCL -pressure tubes each in a different diffuser 
elbov 


( 5 ) Tail-pipe gas temperature T^; four strut-type thermo- 
couples connected In parallel and located subtly upstream of 
es^aust nozzle 

Potentiometers vere used to measure temperatinres and manometers 
vere used to measure pressures. 
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inOCEDORS 

Runs vero made at eaoh Uguld injection rate over a range of 
TOtor speeds from 10,000 to 11,500 rpm to obtain data for the 
plotting of ourres fraai vhloh the corrected values of the pexf orm- 
ance variables at the rated marl mum rotor speed of 11,500 rpm could 
be cross -plotted. The range of liquid injection rates covered in 
the investigation is shown in the following table: 


Run 

Approximate 
water-flow 
! rate 
1 (Ib/sec) 

Approximate 
alcohol -flow 
rate 

(ib/sec) 

A 

0.8 

0^ 0e75^ 2*5 

B 

1.5 

0^ 0*75^ Xe5^ 2»5 

C 

3.0 

®0, 0.75, 1.5, 2.5 

T> 

4.5 

«0, 0.75, 1.5, 2.5 

S 

0 

0.75, 1.5 


^11,500 rpm not attainable. 


The cowling inlet -air temperature ranged from 505° to 530° R. 
Checks of normal perf oxnance were run at frequent intervals during 
the investigation in order to take into account the deterioration 
of the ei:tglne with time. The normal thrust decreased from 3850 to 
3725 pounds, a change of 3 percent, and the tall -pipe gas tempera- 
ture increased 50° R during the course of the investigation. 

Severed of the tall -pipe gas -temperature thexmooouples failed 
during the investigation, which led to soate erroneous readings* In 
order to determine aoourateljr the trends of the tail-pipe geua tem- 
perature wl-Ui liquid Injection, a part of the program was rerun. 


SYMBOLS 

The following STmbols are used in this report: 

7 static thrust, (lb) 

f toted specific liquid consumption including fuel, water, and 
edcohol, (lb)/(hr)(lb thrust) 
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N rotor speed., (rpm) 

P total pressure, (lb)/(sq^ In. absolute) 

p static pressure, (lb)/(sg. in. absolute) 

T Indicated, total temperature, (^) 

air flow, (Ib/seo) 
injected, alcohol flow, (Ib/sec) 
fuel (kerosene) flow, (Ib/iir) 

VTv total liquid, consumption including fuel, water, and alot^ol, 
(ib/sec) 

injected water flow, (Ib/sec) 

Subscripts : 
corr corrected 
0 cowling 

2 compressor outlet 

7 tall pipe 


ANALTSIS car HASA 
Correction for 3^et Conditions 

Xn order to facilitate eraluatlon of the thrust >augoentat ion 
method, the pezfoxmanoe data were corrected to NACA standard inlet 
air pressure and temperaturo conditions of 14.7 pounds per square 
inch absolute and 519^ B, reBpectiTel7, by means of the following 
correction factors : 

— cozurected thxoist 


N 


corrected engine speed 
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corrected preseiire 


corrected temperatu^re 


corrected air flow 


corrected edcohol flow 


corrected water flow 


corrected fuel flow 


cowling-inlet total pressure, Fq, (Ib/sq, In. absolute) 

8 B — 

9ACA standard -sea-leyel pressure, 14.7 (ib/sg In. absolute) 

cowling-inlet toteO. temperature, Tq, 

B m ' ' 

NA.CA standard sea-level temperature, 519^ B 

K - 1 + (0.25 Wai)(l-e) 

Sxoept for the factors for corrected water, alcohol, and fuel 
flows, this method of oozreotlon Is the same as discussed In refer- 
ences 2 and 3. Ihe correction factors for the water and alcc^ol 
flows are the same as the air-flow correction so that the water-air 
and alcohol -air ratios are the same before and after correction. 

This correction of for the alcohol flow Is therefore dlffer- 

^ 1 

oat from the noimal fuel-flow correction of —» Because the 

8Ve 

alcohol also supplies heat In the combustion process, an additional 
factor E Is included In the fuel -flow correction to maintain a 
heat balance after the values of engine performance are corrected. 
The constant of 0.25 appearing in this expression for the E factor 


F 

8 

T 

? 

WaV© 

■"T 

Wv^/© 

WfK 
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z^preaents the ratio of the eiffeotlve heating value Gff the eOeohol 
to the engine fuel (loeroaene) and vaa evaluated frca engine per- 
fozmanoe data. 

As a ohech on the validity cf this oorreotion method^ a theo- 
retioal analysis of the vet-ocsnpresslon process vas made. The 
analysis Indicated that over a limited range cf inlet conditions 
for a given compressor Mach number and vater-alr or alcohol-air 
ratio, the compressor-outlet pressure and temperature are nearly 
prop<^lonal to inlet press^lre emd temperature, 33ie oorreotion 
factors P/5 and T/e are theref<»?e satisfied. 

The ccunreotlon factors used are applicable to centrifugal com- 
xaressors only. They are also known to be inexact for data adjust- 
ment over large ranges of inlet conditions and no atten^t should 
be made to use them, for extrapolation to altltiide conditions . For 
small variations In Inlet temperature and pressure, as in the data 
presented, -tiie error in the method of cozTeoticai Is believed to be 
negligible. The Initial relative humidity of the inlet air may 
also be of Importance but no attempt vas made to measure or con- 
trol It In this Investigation. 


Adjiistment for Engine Running Time 

In addition to the oorreotlons for inlet -air conditions, all 
experimental results ymre adjusted to account for the change In 
normal engine perf ozmance vi-Ui running time . After oorrectlcm tar 
Inlet -air conditions, the data vere plotted against engine speed 
and the values of the perfoxmance variables at 11,500 rpm vere 
taken from the curves. The data for the normal perfczmanoe check 
runs vere thmi plotted against engine running time for a rotor 
speed of 11,500 xpm. Each value tcac 11,500 rpm taken from the 
injection data vas then adjiisted according to the ratio by ^dilch 
the nozmal performance had changed. The curves presented are 
based on these adjusted values. 


BB5DITS AND DISCUSSION 

The thrust Increase attendant vlth Injection of vater and 
alcohol mixtures at the compressor inlets of a turbojet engine Is 
due primarily to evaporative cooling of the Inlet air and, to a 
lesser exbent, to the additional liquid mass f lov through the 
eisgine. The cooling effect of the injected vater and e0.oohol 
results in both a greater Jet velocity provided by the higher 
compressor-discharge pressures and an Increase in the air flow. 
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Thrust. - The yarlatlon of thrust ylth /water azid a3.oohol 
injection Is presented In figure 3 for a oorrected rotor speed of 
11,500 rpn. With a water Injection rate of 3 or more pounds per 
second, the engine fuel pump did not hare sufficient capacity to 
maintain a rotor speed of 11,500 rpa and alcohol Injection was 
therefore necessary to maintain the rotor speed. Alcohol injection 
alone was limited to 1.5 pounds per second hecouse of excesslre 
ten^erature In the tall pipe and large (Rowing hot spots In the 
Tlolnity of the turhine. 

The thrust Increased fairly rapidly with an increase In the 
inject 1cm rate of both water and ed.o6hol up to a flow of about 
1.5 pounds per second of alcohol and 3 pounds per second of water. 
Further Incireases In the Injeoticm rate of both water and alcohol 
resulted In only small additional thrust £^ns . A maxlimnw thrust 
of 4850 pounds was reached with Injecticm of 4.5 pounds per second 
of water and approximately 2.0 pounds per second of alo^iol. 

The data of figure 3 are replotted In figure 4(a) to show the 
rarlatlon of thrust with Injected llq.uld flow (water plus alcohol). 
For an injected flow of 4 pounds per second, the thrust was 
4700 pounds, which is a thrust augnenbatlon of 22 percent. For 
values of total injected liquid up to approximately 4 pcmnds per 
second, the thrust lno3rea8e Is nearly proportlcmal to the injected 
flow. 

The variation of thrust with toteQ. llguid consumptlcm (water, 
alcohol, and fuel) at a rated rotor speed of 11,500 rpm Is ediown 
In figure 4(b) . For any constant thrust Inoxoase, the total llq.uld 
consumption of the engine Is smallest for the Injected mixtures 
containing the greatest proport 1cm of alcohol. This adrantage of 
injecting mlxtmres zdch in alcohol Is due primarily to the replace- 
ment of the primary engine fuel (kerosene) by the Injected alcohol, 
as 1^11 be subsequently Illustrated. 

Tail-pipe gas temperature. - The corrected tail -pipe gas tem- 
peratures varied f rom about 50” 5 above to 45^ S below the noznal 
veQue of' 1686^ B throuc^out the range of Injected flow rates 
(fig. 5). Wo attempt was made to ooxrect the results of tills 
Invest lotion to a constant tall -pipe gas temperature. The gas 
'temperatures winre approximately normal at the Injection rates for 
iHftTiimim thrust, and were lower than normal only when the Injected 
flow rates of both water and alcohol were very hi^. It Is con- 
seq.uently believed that the use of a variable -area exhaust nossle, 
as suggested for the engine Investigation in reference 1, would 



NACA HM No. E7J19 


9 


result In. only small additional thrust increases for the engine 
used in the present investigation at the vater-alcohol injection 
rate for marl mum auguentatlon. 

Alr-flov and oompresaor-outlet pressure. - The compressor- 
out let~total~press\5^e(fig^~6j~inoreaaed~v^ liquid injection rate 
in the lov range of injection and tended toward a maximum value in 
the hl^ injection range hecause of the approach to saturation of 
the air in the ocmpressor. 

The air flow (fig. 7) was greater than normal at all liquid 
Injection rates and reached a marl.nium value at a water injection 
rate of 1.5 pounds per second with an alcohol injection rate of 
2.5 poxuids per second. At water injection rates below 3 pounds per 
second, the injection of alcohol caused an increase in air flow; 
however, at water-injection rates of 3.0 and 4.5 pounds per second, 
the injection of alcohol did not appreciably change the air flow. 

An Increase in water injection rate frcm 3.0 to 4.5 pounds per 
second resulted in a reduction in etlr flow. Because the compressor- 
outlet total pressure was approximately constant at the high water 
and alcohol injection rates (fig. 6) and because the turbine-inlet 
temperature is nearly constant, the total mass flow through the 
engine is limited to a constant value. An increase in the injected 
liquid flow rate in this range of operation therefore results in a 
decrease in the air flow. 

Fuel flow. - The corrected fuel -flow data for the various 
water and alcohol injection rates are plotted in figure 8. The 
fuel flow required for constant rotor speed or to maintain the 
turbine -inlet temperature, is Incroased by the Injecticm of water 
because of the additional heat required to vaporize the water and 
to heat the higher air-flow rate. An increase in the alcohol 
injection rate decreases the required fuel flow because the alcohol 
burns in the combustion chambers and thus serves eis a fuel Itself. 

The dashed line in figure 8 indicates the mixtures of water 
and alcohol that may be Injected without a change in fuel flow and 
hence without changing the throttle setting. These constant 
throttle mixtures contain from 32 to 40 percent alcohol; the per- 
centage of alcohol Inoreeused as the injection rate decreased. The 
injection of 2 pounds per second of alcohol resulted in a decrease 
of about 0.5 pound per second in the fuel flow, which varies 
sli^tly with the water injection rate. If lower heating values 
of 18,700 and 10,900 Btu per pound are assumed for the kerosene 
and alcohol, respectively, and If a combustion efficiency of 95 per- 
cent is assigned to the kerosene fuel, it is calculated that about 
40 percent of the injected alcohol buzns in the engine combtistion 
chambers . 
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Specific liquid- consumption. - The op^epted total specific 
liquid consumption Including fttel, water, and alcohol is~ shown by — 
the solid lines In figure 9. The total specific liquid consumption 
Is increased by both water and eilcohol injection, but Is Increased 
more by the Injection of water than by the Injection of alcohol 
because the alcohol replaces some of the kerosene fuel, as previously 
dlscxissed. Lines of constant corrected thrust are Included to show 
optimum Injected water and alcohol mixtures for several augnented 
thrust values. Lower total specific liquid consumption rates are 
obtained at all but the highest thrust values at the hipest alco- 
hol injection rates. The total liquid consumption rate for the 
highest thrust (4800 pounds) reaches a Tninlmutn at approximately 
2.0 po\mds per second alcohol flow with 3.0 pounds per second of 
water flow. 

Thrust augaentatlon. - The Jbhinist In crease (aiigm e ntat lon) as 
a percentage of the nozmal" thrust at a corrected rotor speed of 
11,500 rpa plotted against alcohol injection rate for various water 
Injection rates Is presented In figure 10. Curves of constant 
water-alcohol mixture are shown, as well as a curve for the mlxbttre 
at constant throttle setting. IHiese ciirves were obtained from the 
data of figures 3 and 8. 

The maximum thzoust au^nentatlon of 26 percent was obtained by 
the Injection of 4.5 pounds of water per second and 2.0 pounds of 
alcohol per second. This mixture, which contains 31 percent of 
alcohol by wel^t, also provides constant throttle setting. 


SUMMAHT OF BESULTS 

The following results were obtained from a thrust -augmentation 
Investigation of a 4000 -pound -thrust centrifugal -flow-type turbojet 
engine with a fixed-area exhaust nozzle 19 Inches in diameter by 
Injection of water and alcohol at the . compressor Inlets at zero 
flight velocity, sea-level conditions (average Inlet-alr tempera- 
ture from 505° to 530° E), and a rotor speed of 11,500 i?pai: 

1. The maximum thrust augmentation was found to be 26 percent 
and was obtained by the injection of 4.5 pounds per second of water 
and 2.0 pounds per second of alcohol. With this Injected mixture 
(representing 31 percent alcohol by wel^t), the fuel flow was the 
same as for no injection; no change in throttle setting was “Uiere- 
fore required for constant rotor speed. The tail -pipe gas tempera- 
ture for this Injected flow rate was noxmal. 
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■2. For slightly less than marlmum augmentation the necessary 
injection rate is much lover. For example, an augmentation of 
22 percent req,uires an injection rate of only 4.0 pounds per second 
as ccmpared vith 6.5 poimds per second for an augmentation of 
26 percent. 

3. For constant augnentation, the total specific liquid con- 
sumption decreased as the injected mixture vas enriched vith alco- 
hol, due to the replacement of the engine fuel vith alcohol. 


Fll^t Propulsion Research Laboratory, 

National Advisory Oonanlttee for Aeronautics, 
Cleveland, Ohio, 
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Figure \. - Diagram of aetup for investigation of engine performance with eater and alcohol injection 

on 4000-pound-thruat centrlfugai~fiovHtype turbojet engine. 
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Figure 2. *• Inetrumentation and injection equipment for investigation of engine performance with 
water and alcohol injection on 4000~pound-thrust centrifugal-flow-type turbojet engine. 
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(a) Corrected injected liquid flow. 


Figure 4. - Variation of thrust with corrected Injected liquid flow and 
corrected total liquid consumption for several constant water Injec- 
tion rates on 4000-pound-thrust centrl fugal-f I ow-ty pe turbojet engine. 
Corrected rotor speed, 11,500 rpm. 
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(b) Corrected total liquid consumption. 

Figure 4., - Concluded. Variation of thrust with corrected Injected 
liquid flow and corrected total liquid consumption for several con- 
steint water injection rates on 4000-pound-thrust cent ri fugal -flow- 
type turbojet engine. Corrected rotor speed, 11,500 rpm. 
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Figure 5. — Effect of alcohol Injection rate on tail-pipe gas tempera- 
ture of 4000-pound-thrust centrl fugal-f tow^type turbojet engine at 
several constant water Injection rates. Corrected rotor speed, 

1 1, 500 rpm. 
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Figure 6. - Effect of alcohol Injection rate on compressor-outi et total 
pressure of 4000-pound-thrust centrl fugal-f low-type turbojet engine 
at several constant water Injection rates. Corrected rotor speed, 

I I, 500 rpm. 
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Figure 7. - Effect of alcohol Injection rate on air flow of 4000-pound- 
thrust centri fugal-f I ow-type turbojet engine at several constant water 
Injection rates. Corrected rotor speed, 11,500 rpm. 
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Figures. - Effect of alcohol Injection rate on total specific liquid 
consumption of 4000 -pound-thrust centrt fugat-f low-tjrpe turbojet engine 
at several constant water Injection rates. Corrected rotor speed, 

I I, 500 rpm. 
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Figure 10. - Effect of alcohol Injection rate on thrust augmentation of 
4000-pound-thrust centrl fugal-f low-type turbojet engine for several 
constant water Injection rates. Curves of augmentation for constant 
percentage alcohol and constant throttle setting included. Corrected 
rotor speed, 11,500 rpm. 











